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Coupling of nuclear and electronic degrees of freedom mediates energy flow in molecules after
optical excitation. The associated coherent dynamics in polyatomic systems, however, remain ex-
perimentally unexplored. Here, we combined transient absorption spectroscopy with electronic
population control to reveal nuclear wavepacket dynamics during the S2 → S1 internal conversion
in β-carotene. We show that passage through a conical intersection is vibrationally coherent and
thereby provides direct feedback on the role of different vibrational coordinates in the breakdown
of the Born-Oppenheimer approximation.
Conical intersections (CI) between potential energy
surfaces are a dominant concept in theoretical treatments
of ultrafast electronic dynamics in polyatomic molecules
[1–4]. According to this description, displacement along
a subset of molecular degrees of freedom mediates effi-
cient coupling of electronic states, but experimental in-
formation on the identity of these coordinates is lack-
ing. Vibrational coherence (VC) [5–11] is an ideal tool to
study the structural aspects of CI dynamics, because the
evolution of nuclear wavepackets after electronic surface
crossing has been predicted to depend strongly on how
the respective vibrational coordinate is involved in the
CI [12, 13]. Early ultrafast studies of diatomic molecules
have directly revealed coherent vibronic coupling [6], but
for polyatomic molecules, VC after surface crossing has
only been reported in low-frequency coordinates. Vibra-
tional periods comparable to or longer than the surface
crossing time [14, 15], however, make it difficult to dis-
tinguish whether the VC has survived passage through
the CI or was generated by the surface crossing. There-
fore, no experimental information exists on how VCs are
affected by passage through a CI and whether vibra-
tionally coherent coupling of electronic states occurs at
all in polyatomics.
The lack of experimental studies using VC as a sen-
sitive probe of CI dynamics is largely a consequence of
technical difficulties. Time-domain observation of VC re-
quires high temporal resolution (< 15 fs) to access full
vibrational spectra (< 2000 cm−1) [16] and broad prob-
ing bandwidths to simultaneously monitor the electronic
states involved in the CI. In addition, spectroscopic sig-
natures of VCs in the time-domain are orders of magni-
tude smaller than their electronic counterparts demand-
ing high spectroscopic sensitivity. Even under optimized
experimental conditions [17], however, the isolation of
excited state signatures is challenging because of the un-
avoidable and often dominant presence of ground state
and solvent VCs [18]. As a result, no clear observation of
multiple excited state nuclear wavepackets generated di-
rectly by the excitation pulse has been reported to date.
In this work, we used highly time-resolved pump-probe
(PP) spectroscopy combined with electronic population
control to generate and monitor the fate of excited state
VCs during the S2 → S1 internal conversion (IC) in β-
carotene in solution.
Photoexcitation of β-carotene in toluene populates the
second excited singlet state S2 that decays with a 140 fs
time constant into S1 (FIG. 1a) [19]. The three lowest
singlet states [20] are easily identified by their well sep-
arated electronic transitions, with absorption maxima at
950, 570 and 480 nm. To monitor the coherent vibronic
dynamics of β-carotene, we performed a PP experiment
with a 12 fs pump centered at 480 nm and a ∼300 fs
chirped probe pulse (520 - 900 nm), a combination that
allows for overal < 15 fs time-resolution with spectrally
resolved broadband probing [21]. One-photon absorption
to S1 is symmetry-forbidden ensuring that our signals are
dominated by the dynamics following S2← S0 excitation.
The S2 → S1 IC is fast compared to common vibrational
dephasing times so that most of the VC created by pho-
toexcitation does not dephase on the timescale of IC.
FIG. 1. Photophysics and electronic dynamics of β-carotene.
(a) Energy level scheme for β-carotene with the absorption
maxima of the three lowest electronic singlet states. (b)
Chirp corrected differential absorbance map for β-carotene
in toluene. The sample was flown through a sample cell at
OD = 0.7/200 µm. Pump and probe intensities were adjusted
to be 71 and 7 mJ · cm−2 at 75 and 50 µm beam diameters,
respectively.
FIG. 1b depicts the wavelength-dependent differential
absorbance of β-carotene as a function of pump-probe
delay. Early time delays (< 100 fs) exhibit broadband
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2signatures of the coherent artifact [22], a weak bleach
at wavelengths <530 nm, signs of stimulated emission in
the 530 - 650 nm window [23] and excited state absorp-
tion (ESA) from S2 in the near-infrared (NIR, >800 nm).
The decay of the Sx ← S2 and the rise of the Sy ← S1
ESAs proceeds with the same time-constant (140 fs) in
agreement with previous results [19].
We truncated the data at ∆t = 85 fs to avoid contami-
nation by the coherent artifact before globally fitting the
remaining differential absorbance. The coherence map
after subtraction of the slowly varying electronic kinetics
[21] exhibits three major regions of activity as a function
of wavelength (FIG. 2a). The NIR coherence (>800 nm,
S2 ESA) decays rapidly with a time constant comparable
to the S2 lifetime, VC in the visible (540 - 650 nm, S1
ESA) dephases more slowly and exhibits a phase jump
around 570 nm [24, 25], while weak and slowly decay-
ing oscillations separate the two ESAs (650 - 800 nm).
Comparison with FIG. 1b suggests that the NIR and vis-
ible regions are dominated by S2 and S1 VC, respectively,
while the transition region (650 - 800 nm) highlights the
fact that S0 and solvent coherences contribute over the
full observation window.
To gain further insight into the spectral content of
the VCs, we performed a Fourier transform and aver-
aged over the 540 - 650 nm spectral window to capture
a representative spectrum of the coherent activity in the
S1 region. In addition to strong S0 signatures at 1008
and 1156 cm−1, clear S1 marker bands emerge, such as
the well-established 1785 cm−1 [19, 26] and the recently
reported 290 and 399 cm−1 bands (FIG. 2b) [21, 27].
Although these spectra suggest that VC in multiple de-
grees of freedom is transferred through the CI from S2
into S1, the additional presence of solvent and S0 coher-
ences greatly diminishes the visibility of individual S1
coherences.
FIG. 2. β-carotene vibrational coherence and Raman spec-
tra. (a) Residual vibrational coherence after removal of the
electronic kinetics obtained by global fitting. The black con-
tour lines are set at ± 450, ± 200, ± 100 and ± 65 µOD to
highlight regions of predominant coherent activity. (b) Av-
eraged Fourier power spectrum in the 540 - 650 nm spectral
region (orange) in comparison with a CW Raman spectrum
of β-carotene (blue). S1 bands are indicated by orange, S0
bands by blue lines, respectively.
We therefore designed an experimental approach that
allows us to isolate VCs that originate from a specific
electronic state of interest. Extending the two pulse PP
experiment by a third dump pulse [28], time coincident
with the pump and resonant with the Sx ← S2 transition,
selectively removes S2 population (FIG. 3a inset). The
duration of the dump pulse was chosen in such a way
that it cannot impulsively create VCs with frequencies
>50 cm−1. By comparing the PP to the pump-dump-
probe (PDP) experiment after subtraction of the expo-
nential electronic kinetics, we were able to isolate S2 VC
as outlined in Eqs. 1a-c
VCOFF = χβcarS2 + χβcarS0 + χsolvent (1a)
VCON = (1− x) · χβcarS2 + χβcarS0 + χsolvent (1b)
VCOmO = VCOFF −VCON = x · χβcarS2 . (1c)
Here, VCOmO is the difference between the signals
recorded in the PP and PDP experiments, x is the frac-
tion of molecules removed by the dump pulse and χj the
VC of species j. VCOmO therefore isolates VC that is
either present on or originates from S2 (FIG. 3a). Com-
parison of FIG. 2a and FIG. 3a in the 650 - 800 nm spec-
tral region highlights the efficient removal of all ground
state and solvent coherences. Two regions of clear coher-
ent activity remain: the Sx ← S2 and the Sy ← S1 ESA
regions with wavelength dependent coherence amplitudes
reminiscent of the respective transient absorption spectra
(FIG. 1b) [24, 25]. Short-lived VC present at early time-
delays in the 650 - 800 nm window likely originates from
the S0 ← S2 stimulated emission transition. While the
peak positions in the averaged Fourier power spectrum
of the S1 region (540 - 650 nm) agree well with those ob-
tained for an S1-only spectrum recorded via broadband
impulsive vibrational spectroscopy (FIG. 3b) [21], the in-
tensities of the individual bands differ considerably. Both
the 1538 and 1256 cm−1 modes exhibit similar intensity
ratios while a number of bands in the 700 - 1300 cm−1
window, marked by arrows in FIG. 3b, are strongly en-
hanced in the VCOmO spectrum.
In contrast to the visible, broad S2 signatures domi-
nate the NIR (FIG. 4a,b). While the S2 VC amplitude is
large (FIG. 3a), its contribution to the respective Fourier
power map (FIG. 4a) is almost negligible, a result of the
rapid loss of electronic population caused by the short
S2 lifetime. Interestingly, magnification of the 780 - 880
nm region (FIG. 4b) reveals sharp features on top of the
broad S2 bands. Fourier power spectra necessarily merge
phase and amplitude information, an effect that can in-
fluence both shape and position of peaks, especially for
partially overlapping bands [29]. To nevertheless obtain
realistic frequency estimates and information on the vi-
brational dephasing times, we applied linear prediction
singular value decomposition to the coherences observed
in the visible and NIR regions (FIG. 4c) [29]. The ma-
3FIG. 3. Electronic population control isolates excited state
vibrational coherence. (a) VCOmO coherence map, only co-
herence from S2 and S1 is present (compare FIG. 2a). The
black contour lines are set at ± 500, ± 300 and ± 65 µOD to
highlight regions of predominant coherent activity. A dump
pulse centered at 1030 nm, 1 ps duration with an intensity
of 150 mJ · cm−2 was used. (b) Comparison of a Fourier
power spectrum obtained by broadband impulsive vibrational
spectroscopy (blue) to the S1 spectrum obtained by IC from
S2 (orange), the spectral intensities were corrected for time
resolution (15 and 14 fs respectively). Common bands are
indicated by black lines, enhanced bands by arrows.
jority of frequencies obtained in the S2 region exhibited
short (< 140 fs) dephasing times, in agreement with the
decay time of S2. Some bands, however, such as those
present in the 1100 - 1400 cm−1 region, exhibited vi-
brational dephasing times that clearly exceeded the elec-
tronic lifetime of S2. Interestingly, these long-lived co-
herences are also present in the S1 spectral region, sug-
gesting that several S1 frequencies modulate the spectral
window of the S2 ESA, even after the electronic state has
nominally decayed.
FIG. 4. Fourier power maps and linear prediction singular
value decomposition of the VCOmO coherence. (a) Fourier
power map as a function of detection wavelength. (b) Mag-
nification of the S2 region. (c) Comparison of the frequencies
obtained by SVD in the S1 region (orange circles) and the S2
region (blue diamonds). The symbol opacity represents the
band amplitude.
Our results clearly demonstrate that VC generated in
one electronic state remains active in the product state
after IC. Despite optical excitation into the S2 state with
a 140 fs lifetime, VC in all known S1 modes is present
throughout the Sy ← S1 ESA window, even for vibra-
tional periods as short as 19 fs (1785 cm−1). Therefore,
the origin of the observed S1 coherence must be at time
zero, but in a different electronic state.
To understand the potential origin of the VC transfer,
it is instructive to consider the role of nuclear degrees of
freedom in electronic surface crossings. By definition, a
conical intersection (CI) is spanned by a subset of vibra-
tional coordinates, known as coupling modes [13] while
others, being important for reaching the CI, are classi-
fied as tuning coordinates. According to this theoretical
description, nuclear wavepackets in coupling modes can
be strongly influenced by passage through the CI while
VC in tuning modes is largely unaffected by the surface
crossing.
The spectra in FIG. 3b suggest that most of the known,
intense S1 Raman bands (290, 399, 1256, 1538, 1785
cm−1) act predominantly as tuning modes. The exci-
tation pulse generates nuclear wave packets in totally
symmetric modes and this coherence is essentially un-
perturbed by the surface crossing. This interpretation
is in line with the fundamental symmetry requirements
for a Bu to Ag surface crossing requiring bu-symmetry
vibrational modes to couple S2 and S1. The dramatic
difference in coherent activity for a number of S1 bands
after IC (776, 1000, 1160, 1206, 1287, 1372, 1407 cm−1)
compared to impulsively created VC on S1 is consis-
tent with these modes being non-totally symmetric and
therefore almost undetectable in standard Raman spec-
tra (see Fig. 3b). In the experiments reported here the
VC evident in the Sy ← S1 absorption window reports
on the molecule in the vicinity of the surface crossing,
i.e. vibrationally hot molecules. Here, S1 and S2 are
strongly mixed allowing for both totally and non-totally
symmetric modes to be Raman active and thus modu-
late the transient electronic signals. Such appearance of
non-totally symmetric vibrations has been previously re-
ported in time-resolved anti-Stokes Raman experiments
on 4-nitroaniline, although in an incoherent fashion [30].
Given that only symmetric modes are Franck-Condon
active in the S2 ← S0 transition, VC in non-totally sym-
metric modes must therefore have been generated after
excitation. The high frequencies of many detected vi-
brations (> 1000 cm−1) together with the 140 fs lifetime
of S2 firmly excludes impulsive generation of the VC by
the surface crossing. Instead, the VC in non-totally sym-
metric modes must be generated by anharmonic coupling
with the originally excited symmetric modes. Theoret-
ically, one could differentiate between anharmonic cou-
pling exclusively on S2 and coupling strictly induced by
the CI. Given the symmetry properties of the two states
(Bu and Ag), however, such a differentiation appears
largely semantic. The CI mixes the electronic and sym-
metry characters of the two states and hence strongly
distorts the potential energy surfaces of S2 and S1.
Although it is difficult to clearly assign the observed
vibrations to coupling or tuning modes, we believe that
4the enhanced non-totally symmetric modes contribute to
the coupling of the S2 and S1 and, thereby, to the for-
mation of the CI. VC in these modes is strongly affected
by the CI, although in this case it is generation of VC
rather than destruction by dephasing that has been pre-
dicted if a wavepacket is already present in the coordinate
prior to surface crossing [13]. The modes are fundamen-
tally connected to the formation of the CI because it is
anharmonic coupling that generates the VC and the an-
harmonic coupling in turn is mediated by the CI. Non-
totally symmetric modes exhibit the correct symmetry
to couple the two electronic states and thereby mediate
the breakdown of the Born-Oppenheimer approximation.
This notion is strengthened by our observation of long-
lived surface recrossings (FIG. 4) that has been predicted
to occur for both coupling and tuning modes [13].
The exact structural assignment of these coordinates
is difficult due to the computational complexity associ-
ated with quantum chemical studies of molecules as large
as β-carotene. Our methodology, however, is readily ex-
pandable to smaller molecules by using excitation pulses
in the ultra-violet where structurally simpler molecules
enable much more precise computational studies. The
coherent nature of our methodology therefore provides
scope for the elucidation of the molecular coherent dy-
namics associated with electronic surface crossings and
thus allows for direct insight into the basics behind the
breakdown of the Born-Oppenheimer approximation for
polyatomic molecules in the condensed phase.
∗ philipp.kukura@chem.ox.ac.uk
[1] E. Teller, J. Phys. Chem. 41, 109 (1937).
[2] D. R. Yarkony, Rev. Mod. Phys. 68, 985 (1996).
[3] B. G. Levine and T. J. Mart´ınez, Annu. Rev. Phys.
Chem. 58, 613 (2007).
[4] W. Domcke and D. R. Yarkony, Annu. Rev. Phys. Chem.
63, 325 (2012).
[5] S. Ruhman, A. G. Joly, and K. A. Nelson, IEEE J.
Quantum Elect. 24, 460 (1988).
[6] T. S. Rose, M. J. Rosker, and A. H. Zewail, J. Chem.
Phys. 88, 6672 (1988).
[7] H. L. Fragnito, J.-Y. Bigot, P. C. Becker, and C. V.
Shank, Chem. Phys. Lett. 160, 101 (1989).
[8] L. Zhu, J. T. Sage, and P. M. Champion, Science 266,
629 (1994).
[9] S. H. Ashworth, T. Hasche, M. Woerner, E. Riedle, and
T. Elsaesser, J. Chem. Phys. 104, 5761 (1996).
[10] U. Banin, A. Bartana, S. Ruhman, and R. Kosloff, J.
Chem. Phys. 101, 8461 (1994).
[11] S. Fujiyoshi, S. Takeuchi, and T. Tahara, J. Phys. Chem.
A 107, 494 (2003).
[12] H. Koppel, W. Domcke, and L. S. Cederbaum, Adv.
Chem. Phys. 57, 59 (1984).
[13] A. Ku¨hl and W. Domcke, J. Chem. Phys. 116, 263
(2002).
[14] Q. Wang, R. W. Schoenlein, L. A. Peteanu, R. A. Math-
ies, and C. V. Shank, Science 266, 422 (1994).
[15] M. Seel, S. Engleitner, and W. Zinth, Chem. Phys. Lett.
275, 363 (1997).
[16] G. Lanzani, G. Cerullo, M. Zavelani-Rossi, and S. De
Silvestri, Synthetic Met. 116, 1 (2001).
[17] T. Kobayashi, T. Saito, and H. Ohtani, Nature 414, 531
(2001).
[18] J. P. Kraack, T. Buckup, N. Hampp, and M. Motzkus,
ChemPhysChem 12, 1851 (2011).
[19] A. N. Macpherson and T. Gillbro, J. Phys. Chem. A 102,
5049 (1998).
[20] J. L. Pe´rez Lustres, A. L. Dobryakov, A. Holzwarth, and
M. Veiga, Angew. Chem. Int. Edit 46, 3758 (2007).
[21] M. Liebel and P. Kukura, J. Phys. Chem. Lett. 4, 1358
(2013).
[22] S. A. Kovalenko, A. L. Dobryakov, J. Ruthmann, and
N. P. Ernsting, Phys. Rev. A 59, 2369 (1999).
[23] P. O. Andersson, S. M. Bachilo, R.-L. Chen, and T. Gill-
bro, J. Phys. Chem. 99, 16199 (1995).
[24] A. T. N. Kumar, F. Rosca, A. Widom, and P. M. Cham-
pion, J. Chem. Phys. 114, 701 (2001).
[25] T. Kobayashi and Z. Wang, IEEE J. Quantum Elect. 44,
1232 (2008).
[26] H. Hashimoto and Y. Koyama, Chem. Phys. Lett. 154,
321 (1989).
[27] J. P. Kraack, A. Wand, T. Buckup, M. Motzkus, and
S. Ruhman, Phys. Chem. Chem. Phys. 15, 14487 (2013).
[28] A. Weigel, A. Dobryakov, B. Klaumu¨nzer, M. Sajadi,
P. Saalfrank, and N. P. Ernsting, J. Phys. Chem. B 115,
3656 (2011).
[29] A. E. Johnson and A. B. Myers, J. Chem. Phys. 104,
2497 (1996).
[30] V. Kozich, W. Werncke, J. Dreyer, K.-W. Brzezinka,
M. Rini, A. Kummrow, and T. Elsaesser, J. Chem. Phys.
117, 719 (2002).
